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MOE Key Laboratory of Bioinformatics, School of Life Sciences, Tsinghua University, Beijing, ChinaABSTRACT FocA belongs to the formate-nitrate transporter family and plays an essential role in the export and uptake of
formate in organisms. According to the available crystal structures, the N-terminal residues of FocA are structurally featureless
at physiological conditions but at reduced pH form helices to harbor the cytoplasmic entrance of the substrate permeation
pathway, which apparently explains the cessation of electrical signal observed in electrophysiological experiments. In this
work, we found by structural analysis and molecular dynamics simulations that those N-terminal helices cannot effectively pre-
clude the substrate permeation. Equilibrium simulations and thermodynamic calculations suggest that FocA is permeable to
both formate and formic acid, the latter of which is transparent to electrophysiological studies as an electrically neutral species.
Hence, the cease of electrical current at acidic pH may be caused by the change of the transported substrate from formate to
formic acid. In addition, the mechanism of formate export at physiological pH is discussed.INTRODUCTIONAs a membrane protein widely distributed in bacteria,
archaea, algae, fungi, and parasites, FocA generally allows
the transmembrane movement of formate, which is a major
metabolite under anaerobic fermentation (1). At microaero-
bic/anaerobic conditions, up to one-third of the carbons in
sugar are converted to formate (2), which has to be exported
through FocA to periplasm and there processed by formate
dehydrogenase (3–6). Otherwise, the cytoplasmic formate
may accumulate in such a way as to severely acidify the
cytosol, thereby threatening the life of the organism (1).
The requirement of efficient down-gradient export of
formate at physiological conditions suggests that FocA is
a membrane channel. Interestingly, FocA has also been re-
ported as a Hþ/formate symporter that facilitates formate
uptake when the environmental pH drops below 6.8 (7,8).
This unprecedented functional integration further compli-
cates the mechanism elucidation of FocA, since channels
and transporters generally have different requirements for
the design of protein structures.
FocA belongs to the formate-nitrate transporter (FNT)
family (2), members of which mainly transport monovalent
anions (e.g., formate, nitrate, hydrosulfide, chloride, etc.)
bidirectionally across the membrane (9–12). FNT family
members exhibit relatively low sequence similarity but
reveal a substantial degree of structural homology (Fig. S1
in the Supporting Material), all adopting a ringlike architec-
ture composed of five identical subunits (13). The central
hydrophobic channel encircled by the five subunits is
more likely to accommodate lipids than to allow substrate
permeation, and the anions are believed to translocate
through the pore in each subunit (9). Notably, two constric-Submitted July 4, 2013, and accepted for publication November 1, 2013.
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each subunit according to geometry. Both sites are confined
by the side chains of large hydrophobic residues, and the re-
gion sandwiched between them is a vestibule principally
lined by hydrophobic residues, which is believed to control
the substrate selection and is therefore also called the selec-
tivity filter. The hydrophobic vestibule contains a highly
conserved His residue, which is supposed to be essential
in substrate translocation.
Until now, the high-resolution crystal structures of FocA
were available in three species and they all exhibit high
sequence and structural similarity (Tables S1 and S2). Struc-
tures from Escherichia coli (EcFocA) and Vibrio cholerae
(VcFocA) were derived at high pH, but the structural infor-
mation was missing for the N-terminal 10~28 residues
(9,14). Molecular dynamics (MD) simulations conducted
on EcFocA suggested that the conserved His (His209 in the
hydrophobic vestibule) plays a key role in substrate transport
(15). In a later study, Einsle and co-workers determined
the structure from Salmonella typhimurium (StFocA) at
low pH with the complete N-termini (16). Interestingly, the
N-terminal residues in StFocA form helices but are struc-
turally heterogeneous among subunits. Those N-terminal
helices exhibit three different conformations, referred to as
closed, intermediate, and open states, respectively, according
to the extent of their role in occluding the substrate per-
meation pathway (16). Based on an electrophysiological
experiment showing that electrical current dropped acutely
at pH 5.6 and disappeared at pH 5.1, the authors proposed
that the acidic environment triggered a conformational
change in the N-terminal residues (from coil to helix in the
closed state) that caused complete termination of substrate
transport (12).
The above explanation is doubtful, however, since the
pentamer structure crystallized at low pH (StFocA) containshttp://dx.doi.org/10.1016/j.bpj.2013.11.006
The pH-Dependent Substrate Transport of FocA 2715closed, intermediate, and open subunits, the latter two of
which obviously allow substrate transport. Moreover, crude
structural analysis of the monomer structure in the closed
state also shows that formate can be geometrically accom-
modated at the plane of the N-terminal helix even in this
supposedly occluded subunit (Fig. 1; see Results for a
detailed analysis). Therefore, substrate translocation cannot
be completely turned off by the closed-state N-terminal
helix. Accordingly, the cessation of electrical current at
low pH may be caused by factors other than N-terminal
structural blocking. One possibility is that both formate
and formic acid can permeate through FocA such that the
transported substrate switches to an electrically neutral spe-
cies (formic acid) when pH is reduced. In his latest review,
Einsle admitted this possibility and mentioned the difficulty
of testing this hypothesis by electrophysiological means
(13). Furthermore, if this hypothesis is true, the Hþ/formate
symport observed at acidic pH can be explained by inward
permeation of formic acid through a channel, and the mech-
anistic representation of FocA as a mixed channel/trans-
porter is thus simplified to one of FocA as a pure channel.
In this work, we performed MD simulations on FocA to
test the above hypothesis. In the first step, we showed thatFIGURE 1 Structure of subunit B of StFocA. (A) Side view and bottom
view of subunit B of StFocA, with the N-terminal helix colored yellow. (B)
Plot of pore radii along the permeation pathway (left) indicates two geomet-
rical constriction sites. The periplasmic site (constriction site I) consists of
Phe74, Phe201, and Ala211, and the cytoplasmic site (constriction site II) con-
sists of Leu78, Leu88, and Val174 (right). To see this figure in color, go online.the substrate could move across the plane of the N-terminal
helix even if the latter is constrained at the closed state. Later
simulations and thermodynamic calculations suggested that
both formate and formic acid can permeate through the
channel as long as the conserved His residue in the hydro-
phobic vestibule is protonated. In this manner, the trans-
ported substrate shifts to formic acid when pH is reduced,
finally reconciling the contradiction between the halted elec-
trical current and the permeable channel at acidic pH.MATERIALS AND METHODS
Structural models adopted in the simulations
All simulations started from the crystal structure of VcFocA (PDB ID
3KLZ) (14). Two palmitoyl-oleoyl-phosphatidylcholine molecules were
manually placed in the central hydrophobic channel of the pentameric
structure to preclude substrate penetration through this channel. In the
free-energy-profile calculation, chain A was extracted from VcFocA to
create a monomeric system, which could greatly accelerate computation.
When testing the role of N-terminal residues, their structure was modeled
according to that in chain B (the closed state) of StFocA (PDB ID 3Q7K)
(16) using Modeller9v10 (17). All systems simulated in this work are sum-
marized in Table S3.System setup and preequilibration
The protein structure was inserted into a membrane composed of palmitoyl-
oleoyl-phosphatidylcholine, solvated in TIP3P water, and then electrically
neutralized by 0.1 M NaCl. The equilibrium simulations were performed
with the NAMD 2.8 package (18) in an NPT ensemble using the
CHARMM27 force field (11) with CMAP correction. The force-field
parameters for formate and formic acid were taken from the CHARMM36
General Force Field (19). The particle-mesh Ewald method (20) was used
with a grid spacing of <1 A˚ to calculate the electrostatic potential. The van
der Waals energies were cut off at 12 A˚ using a smooth switch at 10 A˚.
Temperature and pressure were held at 310 K and 1 atm, respectively, using
a Langevin thermostat and a Langevin barostat. The equilibrium simula-
tions were conducted with a time step of 2 fs, whereas a 1-fs time step
was used in the free-energy calculations. After the 1000-step energy mini-
mization, all systems were initially relaxed in an NVT ensemble for 500 ps
with all atoms fixed except the lipid tail. In the second stage, lipid and water
atoms were released and protein and substrate atoms were restrained. After
1000 steps of minimization, the systems were equilibrated in an NPT
ensemble for 500 ps. In the third stage, the system was equilibrated for
500 ps with all constraints released. Finally, productive simulations were
performed with the area of the membrane held constant. All trajectories
were analyzed using VMD 1.9.1 (21,22).Equilibrium simulations for the pentameric
systems
In the equilibrium simulation, the concentration of substrate was artificially
set to be 10-fold higher in cytoplasm than in periplasm. Collective variables
were applied on the carbon atoms of all substrate molecules to prevent
movement across the periodic boundary in the vertical direction (by a force
constant of 100 kcal/mol/A˚2) so as to retain the cytoplasm-versus-periplasm
concentration gradient, which intrinsically drives transmembrane export of
the substrates.
When testing the blocking effect of the N-terminal helices, two pentame-
ric systems (simulations (sims) 1 and 2 in Table S3) were generated with the
N-terminal structures modeled according to the conformation in chain BBiophysical Journal 105(12) 2714–2723
2716 Lv et al.(closed state) of StFocA. To mimic the low-pH environment, all ionizable
residues exposed to both the cytoplasmic and periplasmic solutions (His res-
idues 59, 154, 157, 158, and 208; Glu residues 16, 23, 87, 108, 139, 207, and
228; and Asp residues 60, 140, 189, and 243) were forced to be protonated
and the system was electrically neutralized before the simulation.
In the later simulations, the N-terminal residues were neglected and both
formates and formic acids were monitored for transmembrane movement
with His208 (equivalent to the His209 in EcFocA) set to be protonated and
deprotonated, respectively. Altogether, four systems (sims 5–8 in Table S3)
were generated with different protonation states of His208 and the substrate
to test channel permeability. After the preequilibration, 80-ns equilibrium
simulations were performed for all of the four systems.
Substrates could enter the hydrophobic vestibule in the above simulations,
but no complete transmembrane export was observed due to the limited simu-
lation time. Therefore, in the later simulations (sims 9–12 in Table S3), the
cytoplasm-to-periplasm concentration gradient was removed and substrate
molecules were manually placed in the hydrophobic vestibules of all sub-
units. After sufficient preequilibration, the positions of these substrates
were tracked in the equilibrium simulations.Free-energy calculation for the monomeric
systems
To avoid expensive computational cost, a monomer rather than a pentamer
structure was adopted in the thermodynamic studies to evaluate the free en-
ergy along the transmembrane substrate permeation pathway after 10 ns
equilibration.
As shown in Table S3, adaptive biasing force (ABF) calculations (23–26)
were performed for seven systems. Of these systems, the first two (sims 3 and
4) were targeted to evaluate channel accessibility at the cytoplasmic side
with the N-terminal helix held at the closed state. The middle four (sims
13–16) were used to calculate the free-energy profiles along the whole
permeation pathway in all combinatorial protonation states of both His208
and the substrate, with the N-terminal residues absent. In the last system
(sim 17), two formates were initially placed in the hydrophobic vestibule
to estimate the free-energy profile of formate permeation in the presence
of another formate. After 3 ns equilibration, during which both formates
were constrained, the restraint on the periplasmic substrate was released to
enable its further permeation toward the periplasm. In all ABF simulations,
the reaction coordinate was chosen as the relative coordinate of the substrate
to the geometric center of all a-carbons in the protein. The energy was calcu-
lated along the z axis, which is perpendicular to the membrane, from cyto-
plasm to periplasm. The overall pathway was divided into numerous
windows (Table S4), and the initial conformation within each window was
generated by steered MD (SMD) (27) simulations in which the substrate
was pulled from the cytoplasm to the periplasm with a constant velocity
of 10 A˚/ns. These initial conformations were equilibrated for at least 2 ns
before the ABF simulation. In the ABF calculation, a 100-kcal/mol potential
constraint was applied to force the substrate to sample within the specified
window, and each window was sampled with a step size of 0.05 A˚. The
potential of mean force (PMF) was initially roughly estimated within each
window using a full sample of 5000 and was then updated every 2 ns. The
calculation continued until two successively updated PMF curves differed
by <0.5 kcal/mol within each window and the amount of sampling within
each window differed by <10-fold (Table S4). Finally, the curves from all
windows were spliced together to reproduce the overall PMF profile. During
all ABF simulations, phosphorus atoms of the lipid headgroups located 5 A˚
or farther away from the protein were constrained to inhibit the vertical
movement of both the membrane and the protein. To roughly estimate the
standard deviations of the PMF profiles, the ABF calculations were extended
in three independent simulations, all starting from the converged PMFprofile
obtained above. Standard-deviations were updated every 1 ns in each win-
dow, according to the three independent simulations. The calculations
continued until two successively updated standard deviations differed by
<0.1 kcal/mol in each window (see Fig. S11 in the Supporting Material).Biophysical Journal 105(12) 2714–2723Free-energy perturbation (FEP) calculations (28,29) were conducted to
evaluate proton transfer from the protonated His208 to formate (His Hþ þ
HCOO/ His þ HCOOH) when the substrate stays in the hydrophobic
vestibule and interacts with the d- and/or ε-nitrogen of His208. The initial
conformation was taken from the equilibrium simulation, and every system
was further equilibrated for 3 ns before FEP simulation. The reaction
pathway was stratified into 224 windows, most of which span 0.005 A˚. In
each window, 30,000 steps of simulation were performed, with the first
4000 steps of preequilibration excluded from the free-energy estimation.
Soft-core potential was used to deal with the end-point catastrophes caused
by the application of the dual topology paradigm (30,31). The FEP calcu-
lations continued until all corresponding windows had nearly overlapping
probability distributions of the energy changes in the forward and backward
processes. The Bennett acceptance ratio estimator was used to estimate the
final free-energy change by combining the forward and backward calcula-
tions (22,32,33,34).Quantum mechanics/molecular mechanics
simulation
The program SANDER implemented in the AMBER 12 package (35) was
used for quantum mechanics/molecular mechanics (QM/MM) MD simula-
tions (36). The initial structures were taken from the equilibrium simula-
tions described above, where the substrates (formate or formic acid)
make a hydrogen bond with the d- or ε-nitrogen of His208. To accelerate
calculation, all residues located >15 A˚ away from both the substrate and
His208 were removed. The AMBER ff12SB force field was adopted to
perform the simulation. To observe proton transfer between the hydrogen
bond donor and receptor, all atoms in His208 and the substrate were consid-
ered as a QM region with the application of PM6 semiempirical Hamilto-
nian (37) as well as dispersion and hydrogen bond correction (38). The
systems were initially minimized by 5000 steps in vacuum to optimize
the conformation of the protein residues and solvents within 5 A˚ of the
zero-charged QM region. In the subsequent 1-ns QM/MM productive sim-
ulations, residues located 5 A˚ away from the QM region were restrained by
a force constant of 10 kcal/mol/A˚2. The temperature, electrostatic cutoff,
and time step were chosen as 310 K, 10 A˚, and 0.5 fs, respectively. The
SHAKE algorithm was turned off during the simulations.RESULTS
The role of the N-terminal helix
As proposed by Lu et al. (16), pH drop induces the transition
of the N-terminal residues from a structurally featureless
coil to a helix (Fig. 1 A), which blocks the cytoplasmic
entrance of the substrate permeation pathway and thereby
triggers the channel to switch from the open state to the
closed state. This proposition is doubtful, however, consid-
ering a simple geometrical analysis of the crystal structure
of subunit B in StFocA, which is reported to adopt a closed
conformation. As shown in Fig. 2 A, the pore radius (calcu-
lated by the program HOLE (39,40)) of this closed subunit is
2.5 A˚ at the plane of the N-terminal helix (~19 in the ver-
tical relative coordinate), a geometry that can accommodate
the typical substrate formate whose radius is <1.9 A˚ (or
whose dimension is <3.8 A˚). In addition, the geometrically
most constricted regions are always located at the bound-
aries of the hydrophobic vestibule (constriction sites I and
II), independent of whether the N-terminal residues adopt
an open-, intermediate-, or closed-state conformation.
FIGURE 2 N-terminal helices cannot completely
occlude substrate permeation. (A) Profiles of the
pore radii of open (green), intermediate (black),
and closed (red) subunits in StFocA. The vertical
dashed line (pink) indicates the radius of the sub-
strate (1.9 A˚), and the plane of N-terminal helices
is shaded cyan. (B) PMF curves of formate (red)
and formic acid (black) across the plane of the
N-terminal helices when the subunit is constrained
to the closed state. (C) N-terminal helices (left to
the pink arrow) are highly flexible, as suggested
by the RMSF profiles of both formate (black) and
formic acid (red), calculated from the last 5 ns of
the equilibrium simulation. (D) Time series of the
positions of two selected substratemolecules (violet
and cyan) in the equilibrium simulations of formate
(left) and formic acid (right), with the plane of
N-terminal helices again shaded cyan. Time series
of all cytoplasmic substrates are shown in Fig. S3.
To see this figure in color, go online.
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the pore is completely blocked in the closed subunit, we
replenished the missing N-terminal residues of one subunit
of VcFocA based on the conformation of subunit B in
StFocA, inserted this monomeric structure into the mem-
brane bilayer, imposed a strong positional constraint on all
residues to maintain the closed conformation, and then
measured the free-energy profile when the substrate was
forced to pass the N-terminal helix and enter the permeation
pore (sims 3 and 4 in Table S3). As expected, both formate
and formic acid can diffuse across the blocking N-terminal
helix (~19 in the relative coordinate) without difficulty, as
suggested by the small free-energy changes (<1.5 kcal/mol)
in Fig. 2 B. Therefore, the N-terminal helix is unlikely to
completely preclude the substrate permeation even when
its position is restrained to the closed state.
The positional constraints applied on the N-terminal res-
idues in the above thermodynamic calculations may arti-
ficially amplify their blocking effect, because in a real
system, the structural fluctuations of these residues may
leave more space to allow substrate passage. In the later
equilibrium simulations (sims 1 and 2 in Table S3) con-
ducted on the VcFocA pentamer, where N-terminal residues
in all subunits were modeled to the closed state as describeabove, the positional constraints were removed and all
ionizable residues accessible to the solvent (on both sides
of the membrane) were protonated to mimic the low envi-
ronmental pH in the crystallization and electrophysiological
experiment (12,16). The whole protein is structurally stable
during the simulation, although the N-terminal residues
experience large structural deviation (Fig. S2). Interestingly,
the N-terminal residues retain the helical conformation in
these simulations, but they become structurally featureless
in a control simulation where the ionizable residues were
deprotonated to mimic neutral pH. This explains why the
intact helical structure of the N-terminal residues can only
be determined from the protein crystallized at acidic con-
ditions. Despite the preserved helicity at low pH, the
N-terminal helix swings rapidly in the 10-ns equilibrium
simulations (as indicated by the high root-mean square fluc-
tuation (RMSF) in Fig. 2 C and the high root-mean square
deviation in Fig. S2) such that the cytoplasmic entrance of
the permeation pore becomes more accessible to the sub-
strate. Accordingly, both formates and formic acids in the
cytoplasm are observed to pass the N-terminal helices
(Figs. 2 D and S3 and Movie S1).
The above simulations imply that the channel cannot
be completely occluded by the structural transition in theBiophysical Journal 105(12) 2714–2723
2718 Lv et al.N-terminal residues at low pH, although such structural
change indeed weakens the permeability of the channel to
some extent, as indicated by the reduced pore size (from
4.5 A˚ to 2.5 A˚) when the channel converts from the interme-
diate to the closed state (Fig. 2 A). Consequently, the cease
of electrical current at low pH in the electrophysiological
experiment must arise for reasons other than the conforma-
tional change of the N-terminal residues. According to our
hypothesis, one possible reason is the switching of the trans-
ported substrate from a deprotonated (negatively charged)
species to a protonated (neutral) species at reduced pH. If
this is true, FocA should be permeable to both formate
and formic acid, and the latter will dominate the flux of
substrate transport at low pH, which causes the cessation
of electrical current observed in the electrophysiological
experiment. In the following analysis, we neglect the
N-terminal residues and focus on the permeability of the
main body of FocA to formate and formic acid.Exports of formate and formic acid in equilibrium
simulations
A previous simulation study on EcFocA (15) suggested that
the highly conserved His in the hydrophobic vestibule
should be positively charged at most experimental condi-
tions (pKa >8). Therefore, in this work, His208 (the equiva-
lent residue in VcFocA) was manually set to the protonated
and deprotonated states to further explore its role in substrate
(formate and formic acid, respectively) translocation (sims
5–8 in Table S3). The ratio between the substrate concentra-
tion in the cytoplasm and that in the periplasm was artifi-
cially set to 10:1 at the beginning of the simulation, which
generated a cross-membrane gradient to spontaneously drive
the export of cytoplasmic substrates through the channel,
although complete substrate translocation may be unattain-
able within the limited simulation time (80 ns). According
to simulation results, several cytoplasmic formic acids could
pass constriction site II and enter the hydrophobic vestibule
independent of the protonation states of His208 (Fig. S4, right
column, and Movie S2). In contrast, cytoplasmic formate is
observed to enter the hydrophobic vestibule only when
His208 is protonated (Fig. S4, left column, and Movie S2),
which indicates the necessity of protonation of His208 in
the transport of anions through FocA.
Complete cross-membrane transport was not observed in
the above simulations due to the limited simulation time. To
observe substrate movement beyond the hydrophobic vesti-
bule, substrate molecules were manually placed within the
hydrophobic vestibules of all subunits in all simulation sys-
tems. After sufficient preequilibration to relax the substrate-
protein interactions, the substrates were then released, to
check their binding stability in the hydrophobic vestibule.
In the presence of protonated His208, all formates stably
reside within the hydrophobic vestibules (Fig. S5, left col-
umn, and Movie S3) by favorably chelating the d-nitrogenBiophysical Journal 105(12) 2714–2723in the side chain of His208 (sim 9 in Table S3). In contrast,
formates quickly leave the hydrophobic vestibule and
move toward the cytoplasm when His208 is deprotonated
(sim 11 in Table S3). These observations suggest the pres-
ence of an unfavorable energy barrier in the hydrophobic
vestibule for formate transport in the absence of protonated
His208. The barrier becomes a favorable energy well when
His208 is protonated. On the other hand, the movement of
formic acids is less dependent on the protonation state of
His208 (sims 10 and 12 in Table S3). In both simulations,
some formic acids stay in the hydrophobic vestibule
steadily, whereas the others leave for either the cytoplasmic
or periplasmic solution (Fig. S5, right column, and Movie
S3), which implies a smaller magnitude of energy barrier/
well for the transport of formic acids.
The hydrophobic vestibule in FocA is sealed by hydro-
phobic residues at two conserved constriction sites (Phe74,
Phe201, and Ala211 at constriction site I and Leu78, Leu88,
and Val174 at constriction site II; see Fig. 1 B). Therefore,
a charged substrate must pay a huge desolvation penalty
when passing across this hydrophobic region. However,
the penalty is greatly alleviated when His208 is protonated,
because in this case more waters are attracted into the hydro-
phobic vestibule to sufficiently solvate the polar substrate
(Fig. S6). Therefore, apart from directly stabilizing the
anions, protonated His208 further facilitates the transport
of negatively charged substrates by eliciting more favorable
solvation.Free-energy calculations on the permeation of a
single substrate
The hints derived from the above equilibrium simulations
are limited by the simulation time. To rigorously check
the permeability of formate and formic acid and to evaluate
the role of His208 in substrate translocation, we extracted
one subunit from VcFocA, inserted it into the membrane
bilayer, and then calculated the PMF curves for a single sub-
strate along the permeation pathway at different protonation
states of His208. The use of a monomeric system here does
not perturb the protein dynamics, as suggested by the similar
levels of root-mean square deviation and RMSF profiles of
monomeric versus pentameric systems (Fig. S7).
Fig. 3 A shows the free-energy profiles of formate when
His208 is protonated and deprotonated, respectively. Specif-
ically, formate has to pay a prohibitive cost (12.9 kcal/mol
energy barrier) to permeate through the channel in the
absence of protonated His208, because an uncompensated
charge is energetically unstable in a hydrophobic environ-
ment, as indicated by the colocalization of the broad energy
barrier and the hydrophobic vestibule. In contrast, the en-
ergy barrier is substantially reduced when His208 is proton-
ated, since the favorable electrostatic interaction sufficiently
stabilizes the anion in the hydrophobic vestibule, as indi-
cated by the energy well (between 8 and 2). These results
FIGURE 3 PMF profiles when a single substrate
translocates through the channel. (A and B) PMF
profiles of formate (A) and formic acid (B) when
His208 is protonated (black) and deprotonated
(red), respectively. Estimation of the error bars in
the PMF profiles is shown in Fig. S11. (C–E)Within
the hydrophobic vestibule, the formate can chelate
both the d-nitrogen (C) and the ε-nitrogen (D) in
the side chain of His208. After leaving constriction
site I, formate can make favorable interactions
with the side chains of both His208 and Lys155 (E),
which corresponds to the energy well at ~8 in
protonated His208 (A, black line). To see this figure
in color, go online.
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Notably, in the presence of protonated His208, the broad
energy well in the hydrophobic vestibule contains two ener-
getically favorable sublocations (located around1 and3,
respectively), where the formate can make favorable elec-
trostatic interactions with the hydrogens attached on the
d- and ε-nitrogens, respectively, of His208 (Fig. 3, C and
D). These two sublocations can be occupied by two formate
anions, which can bind on both sides of His208 simulta-
neously. In the real permeation process, the first formate
may be trapped in the energy well, as indicated by the
steeply rising PMF curve beyond the site (energy barrier
~6 kcal/mol). However, the arrival of the second formate
anion may destabilize the binding of the first anion by elec-
trostatic repulsion and promote its further periplasmic
permeation (see the detailed analysis in the Discussion sec-
tion). In addition, when His208 is protonated, a small energy
trough (located around 8) appears on the periplasmic side of
the main energy well, where the anion is electrostatically
stabilized by the side chains of both His208 and a highly
conserved residue, Lys155 (Fig. 3 E).
The PMF profiles of formic acid are significantly different
(Fig. 3 B). In the absence of protonated His208, the energy
barrier is greatly reduced (to ~5 kcal/mol) compared to
that of formate, although the colocalization between the en-
ergy peak and the hydrophobic vestibule still implies that the
hydrophobic environment is the main contribution to impede
substrate permeation. Substrate transport is energetically
more allowable when His208 is protonated, as indicated by
the smaller barrier along the pathway (<2 kcal/mol). Similar
to formate permeation, formic acid is also particularly stabi-
lized by the positively charged His. The smaller-magnitudeof energy barrier/well for formic acid agrees with the obser-
vations in the equilibrium simulations.
In summary, both the equilibrium simulations and the PMF
profiles suggest that compared to formate, formic acid per-
meates through FocA with less difficulty. Therefore, FocA
may work as a channel to allow transmembrane movement
of both formate and formic acid, and the latter may become
the principal transported species at low pH, which explains
the reduced electrical current observed in the electrophysio-
logical experiment. Of more importance, the Hþ/formate
symport of FocA reported for the cells exposed to an acidic
environmentmay be amisinterpretation of the down-gradient
permeation of formic acid, a species more abundant in the
periplasm than in the cytoplasm due to the pH difference.
Notably, channels and symporters have different require-
ments on the structural design of proteins, since the latter
generally experience large-scale conformational change to
guarantee the simultaneous transport of two compounds,
whereas the former typically retain the overall topology to
facilitate rapid substrate permeation. According to our
hypothesis, FocA can accomplish the physiological roles of
both formate export and Hþ/formate import simply by acting
as a channel.DISCUSSION
The formate/formic acid ratio of transport is
regulated by pH
Our simulations suggest that the transported species may
switch from formate to formic acid when the pH is lowered
in the electrophysiological experiment. In the followingBiophysical Journal 105(12) 2714–2723
2720 Lv et al.analysis, we want to study this phenomenon quantitatively.
As shown in the schematic representation of our hypothesis
(Fig. 4 A), formate and formic acid compete for transmem-
brane permeation through FocA at all pH values. By ne-
glecting the occluding effect of the N-terminal residues
and assuming that the total flux of substrate transport is a
constant independent of pH, the percentage of formate in
the overall transport flux is proportional to the electrical cur-
rent and can be estimated by
P

A
 ¼ d½A=dt
d½A=dt þ d½HA=dt
¼ kðA
Þ½A
kðAÞ½A þ kðHAÞ½HA; (1)
where A- and HA represent formate and formic acid, respec-
tively, P(A) is the percentage of formate in the overall
transport flux, [A] and [HA] are the concentrations of
formate and formic acid, respectively, and k is the first-order
reaction rate constant for transmembrane diffusion.
According to the definition of pKa, the relative concentra-
tion of formate and formic acid is regulated by the experi-
mental pH as follows:

A
½HA ¼ 10pHpKa ; (2)
where the pKa of formic acid is 3.75. In addition, the perme-
ation times for different substrates can be estimated from the
PMF curves using the equation (41)
z ¼ 1
D
Zx1
x0
dx
Zx1
x
expf  b½UðyÞ  UðxÞgdy; (3)
whereD is the diffusion coefficient in bulkwater,b ¼ 1=kBT,
kB is the Boltzmann constant, T is the absolute temperature,
U(x) is the PMF curve along the permeation pathway, and z
is the one-directional permeation time of a substrate. To
mimic the electrophysiological experiment in which FocA
molecules are randomly inserted in the planar membrane,
the permeation time should be better represented by aver-Biophysical Journal 105(12) 2714–2723aging over both directions as z ¼ ðzin þ zoutÞ=2, where zin
and zout are the corresponding one-directional permeation
times estimated by integration over the PMF curve
according to Eq. 3. Notably, the first-order diffusion rate con-
stant is inversely proportional to the permeation time as
kf
1
z
¼ 2
zin þ zout
: (4)
Consequently, by integrating Eqs. 1, 2, and 4, the per-
centage of formate in the overall transport flux can be esti-
mated as
P

A
 ¼ w  10pHpKa
w  10pHpKa þ 1; (5)
where w¼kðAÞ=kðHAÞ¼ðzinðHAÞþzoutðHAÞÞ=ðzinðAÞþ
zoutðAÞÞ is the ratio of diffusion rate constants between
formate and formic acid and can be calculated using the
permeation times derived from Eq. 3. By neglecting the dif-
ference in the bulk-water diffusion coefficients of formate
and formic acid, we finally computed the percentages of
formate in the overall transport flux at various experimental
pH values. As shown in Fig. 4 B, the percentage of formate
transport drops abruptly at pH 5.2 and approaches zero at
pH 4.5. In general, this simulated curve agrees roughly
with the diminished electrical current measured in the elec-
trophysiological experiment by Einsle and co-workers,
where the electrical current dropped around pH 5.6 (12).
The difference may arise from our assumption of the con-
stant total flux of substrate transport, which is oversimpli-
fied, since the total flux should be weakened at low pH
due to the incomplete blocking of the N-terminal helices.
In other words, the structural change of the N-terminal res-
idues will impair electrical current at lower pH, which will
shift our simulated curve to the right so that the simulated
curve agrees better with the experimental data.Mechanism of formate export at physiological pH
Although both formate and formic acid can permeate
through FocA, the former is the principal transportedFIGURE 4 Model of the pH-dependent transport
mechanism of FocA. (A) Diagrammatic sketch of
the pH-dependent transport mechanism of FocA
(blue rectangles). The competition between the
formate (A) and the formic acid (HA) is regulated
by the solution pH. (B) The percentage of formate
flux varies with pH when the effect of the N-termi-
nal helices is neglected. To see this figure in color,
go online.
The pH-Dependent Substrate Transport of FocA 2721substrate at physiological pH, and its export mechanism
is therefore more relevant to study. As shown from the
single-substrate PMF curves in Fig. 3 A, formate is ener-
getically trapped around the protonated His208 along the
permeation pathway. In a similar way, the formates initially
placed in the hydrophobic vestibule invariantly stay in the
site during the equilibrium simulations (Fig. S5, upper
left). This raises a question: how is formate efficiently trans-
ported through the hydrophobic vestibule? Based on the
PMF curve, two favorable sublocations can be identified
within the broad energy well located around His208. As
described in the Results section, formates bound at both
sublocations can favorably chelate the positively charged
hydrogens attached to the d- and/or ε-nitrogen in the side
chain of protonated His208. In the real permeation process,
the first formate anion may bind at the cytoplasmic subloca-
tion initially and then move across the His side chain to bind
at the periplasmic sublocation. Subsequently, another cyto-
plasmic anion may approach the vacant sublocation and two
anions can stably bind the His208 side chain simultaneously.
The presence of the second anion may destabilize the bind-
ing of the first anion and facilitate its ongoing permeation
by electrostatic repulsion. To validate this proposition,
one additional formate anion was added to the system that
already had one anion bound on one side of His208, and a
stable two-anion-binding conformation was generated
after 2 ns equilibrium simulation (Fig. S8 A). In the ABF
simulation starting from this conformation (sim 17 in
Table S3), the periplasmic anion was forced to sample the
periplasmic space to evaluate its free-energy change in
the presence of another anion around His208. As shown in
the PMF curves (Fig. S8 B), the energy barrier is greatly
reduced from 5.5 kcal/mol to 3.7 kcal/mol, indicating that
the arrival of the second anion thermodynamically pro-
motes the ongoing permeation of the first anion.
Alternatively, Einsle and co-workers proposed a model for
formate export (13). According to this model (Fig. S9 A),
when crossing constriction site II, the formate anion
absorbs a proton from the protonated His208 side chain
through a series of hydrogen-transferring relays (including
the conserved Thr90 and bridged waters). By this means,
the transported substrate becomes electrically neutral
when passing through the hydrophobic vestibule, which re-
duces the free-energy barrier to some extent, as shown in
the PMF curve of formic acid in the absence of protonated
His208 (Figs. 3 B and S9 B). Before leaving constriction
site I, the substrate returns a proton to His208. Therefore,
one net formate is translocated across the membrane in
this model (Fig. S9 A). Although the above proposition
reasonably alleviates the energy cost for a charged ion dur-
ing its penetration through the hydrophobic vestibule, this
model raises some questions. On one hand, His208 is a
stronger base (pKa ~5 according to the calculation from
the Hþþ server with salinity set to 0.1 (42)) and therefore
cannot spontaneously donate a proton to the formate,which is a weaker base (pKa 3.75). We evaluated the
free-energy change of the proton transfer from the proton-
ated His208 to the formate by FEP calculations. When
formate is located within the hydrophobic vestibule and
interacts with either the d- or ε-nitrogen, the free-energy
change is >20 kcal/mol, which denies the spontaneous
proton transfer (Table S5). Moreover, QM/MM simula-
tions conducted on the same system suggest that the proton
attached on His208 is reluctant to move toward the formate,
whereas the proton on formic acid automatically transfers
to the d-nitrogen or ε-nitrogen of the side chain of His208
(Fig. S10). On the other hand, as a weakly selective chan-
nel, FocA can transport numerous anions other than
formate, among which the Cl ion is highly unlikely to
be protonated when it passes through the hydrophobic
vestibule. Therefore, the Einsle model cannot provide a
universal mechanism to explain the efficient transport of
various anions through FocA. Despite the above defi-
ciencies, the Einsle model cannot be completely ruled
out by our simulations, and the anion transport mechanism
should be further tested by more rigorous calculations and
experiments.
It should be noted that the binding of formate and proton
within the hydrophobic vestibule is neglected in our previ-
ous numerical analysis when simulating the reduced electri-
cal current at low pH. If the Einsle model is correct, the
permeation time of formate should be reestimated, since
formate is protonated within the hydrophobic vestibule.
Specifically, the free-energy profile within the hydrophobic
vestibule should be replaced by the curve of formic acid in
the absence of protonated His208 (Fig. S9 B). By neglecting
the time for proton transfer, the percentage of formate in the
total transport flux through FocA is recalculated and is
shown in Fig. S9 C. Despite the slightly leftwise shift, the
curve still shows ceased electric signal at pH <4, which
implies the robustness of the mechanism of pH-dependent
substrate transport in FocA.Limitations of our simulations
First, the limited running time of equilibrium simulations in
this work impedes observation of the complete substrate
export through FocA, a low-conductance channel. Longer
equilibrium simulations should be conducted in the future
to directly track the overall permeation process of both
formate and formic acid. Second, the nonpolarizable force
field applied in our simulations may generate inaccuracies
due to the neglect of charge transfer between the protein
and the substrate (43).
Despite the above limitations, we demonstrate that the
N-terminal helix cannot occlude substrate transport com-
pletely, and we reconcile the apparent contradiction between
the reduced electrical signal and channel permeability at
low pH by considering that the transported substrate switches
to a neutral species at various pH values. The conclusionsBiophysical Journal 105(12) 2714–2723
2722 Lv et al.presented here still need further validation by biochemical
experiments and more rigorous simulations.SUPPORTING MATERIAL
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